ABSTRACT A planar circularly polarized (CP) frequency beam scanning Fabry-Perot resonator antenna (FPRA) with enhanced gain property is presented in this paper. The antenna consists of two layers. The CP substrate integrated waveguide (SIW) beam scanning leaky-wave antenna (LWA) is used as the feeding antenna. It provides good impedance matching and stable radiation pattern over the working band. Then, partially reflecting surface (PRS) layer is introduced to improve the gain property by using a single substrate with metal patches array printed on both top and bottom surfaces. After comparisons among four patch types, circular patch type is chosen. It is an ideal choice for CP antenna because of its completely symmetrical structure along ϕ-plane and gentler phase slope. Parameter analysis is made for better understanding of the working principle. Finally, the antenna is fabricated and measured for verification. It shows that the main beam scans from −38 • to 28 • within the operating frequency band from 9
I. INTRODUCTION
Frequency beam scanning antennas (FBSAs) have been widely applied in wireless communication and radar systems for their advantages of small size, low profile, easy fabrication and beam-scanning property with variation of frequencies [1] , [2] . In particular, leaky-wave antennas (LWAs) based on substrate integrated waveguide (SIW) have become very popular because of their low loss and easy integration with other planar circuits [3] - [5] .
However, most LWAs with continuous beam scanning property are linearly polarized (LP) antennas [6] - [11] . It's
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necessary but difficult to realize continuous scanning beams with circular polarization (CP) property. Compared with LP ones, CP antennas possess advantages of immunity to polarization mismatch, rotary orthogonality, and Faraday rotation, which could be used to resist weather interference and multipath reflection. Recently, many methods have been reported to realize CP beam scanning antennas [12] - [15] . A CP SIW LWA with relatively simple structure of two inclined straight slots is proposed in [12] . In [13] and [14] , two CP composite right/left handed transmission line (CRLH TL) LWAs with two ±45 • inclined interdigital slots at a distance of quarter wavelength at center frequency are shown. Compared with the antenna in [13] , a more compact structure was proposed by utilizing microstrip line instead of SIW [14] . Therefore, the antenna size is reduced by 24.4%. In [15] , a CP CRLH-SIW LWA with T-shaped interdigital slots is designed. Because the unit cell of the structure is composed of two adjacent interdigital slots without any longitudinal spacing, even more compact structure is obtained. Furthermore, it realizes continuous beam scanning from backward to forward with considerable gain property. However, the problem of limited efficiency and gain value of planar LWAs remains to be solved. Usually number of units is increased to improve the gain.
Actually, high gain antennas mainly include two kinds: aperture plane antenna based on optical ray principle and array antenna based on interference and superposition principle. On the one hand, space-fed aperture antennas have advantages of high radiation efficiency, wide bandwidth and simple feeding. However, their non-planar three-dimensional structures lead to larger size and complex installation. On the other hand, planar printed array antennas have advantages of low profile and easy integration with other structures. Nevertheless, it has shortcomings of narrow bandwidth, complex feeding structure and low radiation efficiency.
Fabry-Perot resonator antenna (FPRA) is a combination of space-fed mode and array structure. Periodic metallic structures are utilized as partially reflective surfaces (PRS) to significantly enhance the directivity of primary radiating sources at boresight [16] , [17] . Alexopoulos first proposed radome above antenna in 1984, which is the embryonic form of FPRA [18] . The antenna directivity has been significantly improved. Then gain bandwidth was effectively widened by adopting dielectric cover and sparse matrix [19] . W. X. Zhang proposed a PBG structure combined with ordinary dielectric cover, which suppressed backward radiation and improved antenna radiation performance [20] .
Recently, metasurfaces have been introduced to improve antenna gain property by focusing radiated electromagnetic waves [21] -[25]. However, rare research is made to enhance gain performance of planar beam scanning antenna, especially for CP beam scanning antenna. Due to the dispersive characteristics of metasurfaces, reflection phase characteristics should be tuned to design beam scanning antenna with high gain property when they are used as reflector of resonant cavity antenna.
In this paper, a high gain CP beam scanning antenna is designed based on the idea of FPRA. It combines the advantages of both PRS structure and the CP beam scanning antenna proposed in [3] . The CP beam scanning antenna is used as feeding antenna with large CP beam scanning range and good impedance matching. The PRS layer is composed of one single dielectric layer with metal patches array printed on both surfaces. Through optimization, circular patch type is adopted because of its gentler reflective phase gradient and its completely symmetrical structure along the ϕ-plane. Thus gain of CP beam scanning antenna is enhanced obviously in the operating band. Meanwhile, both the impedance bandwidth and 3 dB AR bandwidth are basically unaffected. 
II. ANTENNA DESIGN AND ANALYSIS
The geometry of the proposed CP beam scanning antenna is shown in Fig. 1 . The antenna consists of two layers. One is the feeding structure and the other is the PRS layer. Both layers own the same dielectric substrate of Rogers RO4350 material with relative dielectric constant ε r = 3.66 and loss tangent tan δ = 0.004. The thickness of both dielectric-slabs is 1.524 mm.
A. FEEDING ANTENNA
As is exhibited in Fig. 1(b) , the feeding antenna is designed based on the structure given in [3] , which results larger CP beam scanning range and flatter gain than most previous reported works. The periodic leaky wave antenna (P-LWA) is based on SIW transmission line. It is composed of a substrate (RO4350) covered by copper on both sides. Two rows of metallized via arrays are arranged symmetrical along the central axis. The top copper layer of each SIW unit is etched VOLUME 7, 2019 with a set of transverse slot pairs and a longitudinal slot. The slot radiation can be controlled independently.
Before loading metasurfaces as PRS, gain enhancement effect is considered by optimizing the feeding structure with larger area. The width of the SIW based periodic leaky-wave feeding structure is optimized as 40 mm. Transition sections are deigned between SIW and microstrip line. Tapered microstrip lines are chosen to realize effective modes transformation and better impedance matching. Parameters of the P-LWA are optimized and shown in Table 1 . 
B. PRS STRUCTURE
As is shown in Fig. 1 , in order to enhance the radiation performance, PRS layer is added above the P-LWA. In-between the two substrates is the air layer. Thus the antenna structure is similar to the FPRA. As is well known, the maximum directivity D max of FRPA at the boresight direction at a given operating wavelength λ 0 (λ 0 is the free space wavelength) is as follows [17] , [18] :
where Re jϕ prs is the complex reflection coefficient of the PRS. The thickness of the FP cavity, h is determined by
where -π is the reflection phase of the ground plane, ϕ prs is the reflection phase of the PRS. Usually ϕ prs of a periodic metallic patch or mesh array is about -π and thus the minimum thickness of the cavity is about λ 0 /2 [17] . The PRS layer is made by single substrate with arrays of copper patches printed both on top and bottom surfaces. The reflection phase characteristics of the periodic metallic structure play critical role on the performance of FPRA [17] . By constructing PRS with gentle slope of reflection phase frequency response, the sensitivity of PRS can be weakened. Hence resonant condition can be improved and radiation gain can be effectively increased with broadened gain bandwidth. In order to broaden the gain bandwidth, gradual periodic array structure is used as PRS to slow down the reflection phase frequency response and reduce the jitter of the reflection phase frequency response. The characteristic model of the unit structure is shown in Fig. 2 . Beside of the gentle reflection phase shift curve, reflection amplitude can be tuned as small as possible in the whole working frequency band by adjusting the geometry of the PRS unit cell and substrate thickness. Thus the electromagnetic wave can be superimposed in-phase as needed. Since CP requires symmetry of polarization mode, PRS unit element with symmetrical shape is required.
As is shown in Fig. 3 (a) , four patch types with geometries of circular, circular rings, square and square rings are compared. As is given in Fig. 3 (c) , in periodic cells of the same size, both negative and positive gradients of the reflection phase slopes are achieved. It illustrates that the phase variations of both square and square rings are much larger than the circular and circular rings types in the operating band, especially at higher frequencies. Steeper reflective phase gradient will not cause in-phase aperture field in the PRS plane, therefore gain bandwidth may be deteriorated [21] . And compared with the circular rings type, the phase variation of circular type is a little smaller in the operating band. Gain bandwidth of FPRA could be better because of smaller phase variation of the PRS layer [17] . On the other hand, from the point of view of processing accuracy, circular type has lower requirements on processing accuracy than circular ring one, which is conducive to high-frequency applications such as millimeter wave band or THz band. Furthermore, compared with square or other shapes, circular type has advantage of completely symmetrical structure along the ϕ-plane. This unique characteristic makes it valuable in real application, especially for CP antennas. Detailed analysis is given in the next section.
Since the feeding antenna has beam scanning ability in y-axis direction, the gradual structure is adopted in the other direction (x-axis) to improve the radiation characteristics with less deterioration in the beam scanning property. The reflection characteristic of the PRS unit is simulated at the band from 10 GHz to 17 GHz by changing the size of the unit cell as shown in Fig.4 . It concludes that both the patch radius r and the unit distance p can be adopted to tune the phase of the reflection coefficients of the PRS unit, further achieving gradual regulation. Thus metallized circular patches are placed equidistantly parallel along y-axis direction as well as gradually incremental distance in x-axis direction. The circular metal patch arrays stay with equal radius and gradient distances (p 1 , p 2 , p 3 , p 4 , . . . . . . ) which meet the following formula: 
C. PARAMETER ANALYSIS
What should be emphasized is that, two points should not be neglected for the above model. On the one hand, the FP cavity model in formulas (1) and (2) is based on only center frequency point not broad bandwidth. On the other hand, the characterization model is based on infinite periodic array model not finite array size for PRS layer. As a consequence, parameter analysis and final optimization should be made with both feeding antenna and PRS as a total to design the antenna. Full-wave software HFSS is adopted to simulate the antenna model. The key index performance considered for CP FPRA includes maximum gain of each scanning beam, 3 dB AR bandwidth, 3 dB gain bandwidth and beam steering range, et.al. And these key index parameters are interrelated and mutually restrictive. We adopt a step-by-step VOLUME 7, 2019 optimization strategy, first optimizing the global parameters, and then optimizing the local parameters.
Since the maximum directivity D max of FRPA at the boresight direction is very sensitive to the height of the cavity. Firstly, effects of air-layer thickness h s are considered. As is shown in Fig. 5 (a) and (b) , the height of the airlayer between two substrates has a great influence on the antenna performance. It is consistent with the above theoretical deduction. The maximum gain point of the antenna moves with the change of air layer thickness h s , with increase of thickness h s , and the maximum gain point moves to low frequency; the thickness decreases, and the maximum gain point moves to high frequency. Meanwhile, AR at the center frequency band deteriorates gradually with increase of height, and AR bandwidth becomes narrower with decrease of the height. Thus, tradeoff should be made between gain bandwidth and AR bandwidth. Finally the height is chosen as 14.5mm.
Through the analysis of the characteristic mode of the unit structure, both the patch size r and the element distance p can be adopted to tune the amplitude and phase of the reflection coefficients of the PRS unit. After the height of the cavity is fixed, different sizes of both top and bottom circular patch elements of the PRS layer are taken into account. The circular type with different size has a great influence on the performance of the antenna. Fig. 6 shows the gain and AR performance against the size of patch elements. As is illustrated in Fig. 6 (a) , smaller patch in the top and larger patch in the bottom leads to higher gain. With the increase of element size, the gain of high frequency band increases. However, larger element size leads to narrower 3 dB AR bandwidth as is given in Fig. 6 (b) . Thus, compromise is considered between the two factors. Circular patch type with smaller patch in the top and larger patch in the bottom was chosen. The final optimized value for the patch cell is r 1 =1.1mm,r 2 =1.2mm.
After the size of the patch cell is fixed, effects of PRS element distance p 1 and gradient width along x-axis d p are analyzed. The initial air-layer height h s is fixed as 14.5mm. Fig. 7 (a) and (b) illustrate the gain and AR against the cell distance p 1 . It can be seen that the best 3 dB AR bandwidth and the better gain flatness can be obtained at p 1 =4mm. Fig. 8 (a) and (b) show that the gradient width along x-axis d p has minor effect on the AR bandwidth. However, when the gradient width is d p = 0.2mm, it has higher gain and better gain flatness. Finally p 1 = 4mm and d p = 0.2mm are chosen.
With the size and spacing of patch elements determined, the number of units should also be determined. The array size influences the propagation length of the reflective wave and thus the reflective phase [21] . As is illustrated in Fig. 9 (a) and (b) , when the array size is 4 * 32 or 6 * 32, smaller aperture leads to smaller gain value. With the increase of array size, higher maximum gain value and wider 3 dB AR bandwidth are obtained. However, when the array size is 10 * 32 or even larger, the maximum gain and polarization level is deteriorated. It may be because after the aperture is increased to a certain size, an inverse phase field appears on the PRS aperture, resulting in a decrease in gain. When the size of the array is 8 * 32, it has higher gain value and wider AR bandwidth. Finally 8 * 32 array is chosen.
Last but not least, other parameters may also have some effects on the broadband antenna performances, such as the width and thickness of the substrates, etc. The optimized parameters are given in Table 1 . The 3-D radiation patterns of unloaded and loaded types are also illustrated in Table 2 . Due to the introduction of PRS structure, x-direction patterns are enhanced obviously, especially in the higher band. Meanwhile, beam scanning capability along y-direction is maintained as predicted.
III. SIMULATION AND MEASURED RESULTS
In order to verify the above analysis, the proposed CP FPRA with enhanced gain is fabricated and tested after optimization. The antenna photograph is shown in Fig. 10 . Plastic screws are used to keep 14.5mm spacing between feeding layer and PRS layer. The simulated and measured reflection coefficients of the proposed antenna are exhibited in Fig. 11 . It can be seen that the trend of the measured curve is in good agreement with the simulated one. The measured reflection coefficients are below −10dB from 9.1 to 14.6 GHz with a relative bandwidth of 47.8%. The measured and simulated radiation patterns in yoz plane are compared and shown in Fig. 12 . Fig. 12 (a) shows that the measured and simulated radiation patterns of the feeding LWA are in good agreement with beam scanning angle range of −38 • ∼28 • . The measured peak gains of the patterns vary from 6.37 dBic to 10.3 dBic, while the simulated ones vary from 7.45 dBic to 10.94 dBic. Fabrication tolerance and measurement error may lead to this difference. The simulated and measured radiation patterns of the proposed antenna with PRS structure are compared in Fig. 12 (b) . The maximum gain of the scanning beam patterns have been enhanced of VOLUME 7, 2019 The measured and simulated ARs are illustrated in Fig. 13 . Good agreement is obtained between measured and simulated results. The simulated and measured ARs are lower than 3 dB within most operating band.
The comparison of the simulated performance characteristics of the proposed antenna and the former reported works in the literatures are shown in Table 3 . In this work, the PRS structure behaves as a phase-correcting grating cover to improve the radiation performance of CP frequency beam scanning antenna. And circular patch has advantage of completely symmetrical structure along the ϕ-plane for CP antenna. Due to the gentler reflective phase gradient of the PRS, larger band of smooth phase shift dynamic range is achieved. Thus gain enhancement is achieved. As can be seen, the proposed CP frequency beam scanning antenna owns obviously gain enhancement, while the 3-dB gain bandwidth and 3-dB AR bandwidth are also significantly increased by using both the feeding antenna and the PRS structure. The 3 dB gain bandwidth of the design in [12] is also as wide as 26.6% and 3 dB AR bandwidth is up to 20%. However, the maximum gain value of this design is much higher than the former design. That's because the PRS structure is loaded to make the electric field distribution on the aperture surface more uniform. The PRS structure of the design in [21] is similar to ours. However, compared with the one loaded on the element radiation antenna and arranged in equal-sized and equal-spaced, we design a gradient structure without destroying the radiation performance to achieve the gain enhancement of the CP frequency beam scanning antenna. Compared with the design in [23] , the PRS with rectangular patches printed on both surfaces of the substrate is a good option for LP beam scanning antenna. To sum up, the measured results confirms the effectiveness of our method.
IV. CONCLUSION
A planar CP frequency beam scanning antenna with enhanced gain property has been presented. Gain enhancement is achieved by loading with a metallic PRS layer. The PRS layer is made by one single substrate with arrays of circular copper patches printed both on top and bottom surfaces. Working principle was analyzed and parameter analyses were introduced to achieve better results. The proposed antenna has been fabricated and measured. Gain enhancement of about 3.3∼6 dB is achieved compared with unloaded type. The measured results show that the main beam scans from -38 • to 28 • within the operating frequency band from 9.1 to 14.6 GHz (or 47.8%). The 3 dB AR bandwidth is 28.7%. With advantages of stable wideband CP radiation and high gain property, this antenna has potential application in radar and wireless communication systems. 
